The critical role of the ubiquitin-26S proteasome system in regulation of protein homeostasis in eukaryotes is well established. In contrast, the impact of the ubiquitin-independent proteolytic activity of proteasomes is poorly understood. Through biochemical analysis of mammalian lysates, we find that the 20S proteasome, latent in peptide hydrolysis, specifically cleaves more than 20% of all cellular proteins. Thirty intrinsic proteasome substrates (IPSs) were identified and in vitro studies of their processing revealed that cleavage occurs at disordered regions, generating stable products encompassing structured domains. The mechanism of IPS recognition is remarkably well conserved in the eukaryotic kingdom, as mammalian and yeast 20S proteasomes exhibit the same target specificity. Further, 26S proteasomes specifically recognize and cleave IPSs at similar sites, independent of ubiquitination, suggesting that disordered regions likely constitute the universal structural signal for IPS proteolysis by proteasomes. Finally, we show that proteasomes contribute to physiological regulation of IPS levels in living cells and the inactivation of ubiquitin-activating enzyme E1 does not prevent IPS degradation. Collectively, these findings suggest a significant contribution of the ubiquitin-independent proteasome degradation pathway to the regulation of protein homeostasis in eukaryotes.
Introduction
Proteasomes are responsible for the majority of non-lysosomal protein degradation in eukaryotic cells. 1, 2 The catalytic sites of these degradation machines are concealed within the internal cavity of the 20S proteasome, thereby preventing unwarranted proteolysis of cellular proteins. The 20S core particle consists of 28 subunits arranged in a cylindrical form of four rings. 3 The two inner rings are assembled from seven distinct β-subunits, three of which are catalytically active in each ring. The two outer rings consist of seven homologous α-subunits and a protein substrate can obtain access to the internal catalytic sites of the 20S core through a narrow axial pore of the α-ring. The 20S proteasome is usually latent because the N termini of α-subunits project towards the axial pore of the ring and form a gate that blocks the entrance of substrates into the internal proteolytic chamber. Further, the 20S proteasome can neither recognize ubiquitin modification nor actively unfold protein substrates. Different regulatory complexes (PA700/19S cap or PA28/11S regulator) attach to one or both of the endplates of the barrel-shaped 20S core particle to form proteasome species with distinct proteolytic properties; [4] [5] [6] this docking rearranges the blocking residues of α-subunits and thereby opens the gate, allowing substrate entry. The 19S regulatory particle together with the 20S catalytic core forms the 26S proteasome holoenzyme. The 19S cap recognizes ubiquitinated proteins, unfolds these degradation substrates in an ATPdependent manner, and threads them into the internal proteolytic chamber of the 20S proteasome, wherein the polypeptide is cleaved after amino acids flanking the scissile peptide bonds by any of the three catalytic subunits. The ubiquitin-26S proteasome system (UPS) has been characterized inten-sively and is currently considered to be the major degradation pathway of cellular proteins.
Several studies have demonstrated that both the 20S proteasome and the 26S proteasome degrade oxidized and chemically unfolded proteins, as well as specific natively disordered proteins, in a ubiquitin-independent manner. [7] [8] [9] Endoproteolytic cleavage at polypeptide bonds in two natively disordered proteins was also demonstrated. 10 We showed earlier that the native 20S proteasome specifically cleaves two structured cellular proteins, the eIF3a subunit of eIF3 and the eIF4G subunit of eIF4F, at internal sites leading to the generation of stable cleavage products. 11 Since then, an increasing number of studies identified other structured proteins that are processed to a various extent by 20S and/or 26S proteasomes independent of ubiquitination. [12] [13] [14] [15] [16] These findings suggest that cleavage of specific cellular proteins by proteasomes could potentially be a widespread mechanism in eukaryotes. To address this, we performed biochemical analysis of both mammalian and yeast lysates, in search of cellular proteins that are processed by the 20S proteasome. This survey revealed an unexpectedly high proportion (N20%) of cellular proteins targeted by this degradation pathway and a remarkable conservation of the mechanism of substrate recognition and processing by eukaryotic 20S proteasomes. Thirty mammalian intrinsic proteasome substrates (IPSs) were studied further and the distinct nature of their processing revealed that cleavage occurred at sites within extended disordered regions. Further, purified 26S proteasomes specifically recognized and cleaved IPSs at similar sites in vitro, suggesting that an extended disordered region could be the key structural determinant in targeting cellular proteins to ubiquitin-independent processing by proteasomes. Since this proteolysis spares structured domains, the intrinsic proteasome degradation pathway (IPDP) could generate cleavage products that have a function distinct from that of the intact protein. The cleavage rate of different IPSs by 20S and 26S proteasomes differed, suggesting that proteasome species can have distinct roles in regulation of different IPSs in the cell. Finally, we show that proteasomes contribute to differential regulation of IPS levels in cell cultures and that the inhibition of ubiquitination does not prevent IPS degradation, in contrast to proteins targeted by the UPS. Collectively, our findings suggest that the ubiquitin-independent IPDP is a widespread mechanism that contributes to the regulation of protein turnover in eukaryotes.
Results
The 20S proteasome specifically cleaves more than 20% of cellular proteins
The discovery of the non-lysosomal protein degradation pathway, the proteasome, and the ubiquitinproteasome system were all achieved via the biochemical analysis of fractionated rabbit reticulocyte lysate. 1, 2 To evaluate the magnitude of the ubiquitinindependent proteolytic activity of proteasomes, we used this classical system for large-scale biochemical analysis, in which we sought to identify native cellular proteins that are specific substrates of highly purified native 20S proteasomes.
First, we verified that purification yielded 20S proteasomes with a closed substrate entry pore. The gate formed by the N termini of α-subunits constrains the access of small peptides to the internal chamber, accounting for low peptidase activity of the 20S proteasome. Treatment with 0.02% (w/v) SDS or specific hydrophobic peptides, such as suc-FLF-mna, opens the gate, thereby stimulating the access and hydrolysis of model peptide substrates. 17, 18 We found that either of the treatments stimulated more than sixfold both the chymotrypsin-like and caspaselike activities of catalytic cores in hydrolyzing Suc-LLVY-amc and Ac-nLPnLD-amc, respectively (Supplementary Data Fig. 1 ), consistent with the closed gate conformation of purified 20S proteasomes.
Next, we fractionated RRL by a variety of biochemical techniques. A total of 72 different fractions, typically containing 5-25 distinct protein species, were incubated in the absence or in the presence of 20S proteasomes, subjected to SDS-PAGE and visualized by staining with Coomassie brilliant blue R. Visual analysis revealed either a complete disappearance or an evident reduction in the intensity of specific bands following incubation with 20S proteasomes (Fig. 1a, arrows) . Importantly, the integrity of other protein species in the same reactions was unaffected, even for those present in small amounts (Fig. 1a, lines) . The appearance of new protein species, likely corresponding to proteolytic products of specific substrates of the 20S proteasome, was also noticed in many reactions (Fig. 1a , lane 4, asterisk). The cleavage of protein targets was suppressed by the addition of the specific proteasome inhibitors MG132 and epoxomicin (Supplementary Data Fig. 2) . Clearly, the native 20S proteasome specifically recognizes and cleaves certain proteins, referred to as IPSs. Analysis of 72 reactions revealed 258 IPSs out of a total of 1167 detectable protein species, affording a statistically sound assessment that ∼ 22% of cellular proteins are specific substrates of the catalytic cores.
Thirty IPS species were selected at random, purified to different extents, excised from gel matrices, and identified by liquid chromatography-tandem mass spectrometry LC-MS/MS. The identity of most IPSs, and complexes they are associated with, was further verified by different methods (see Supplementary Data Table 1 ). Of note, all identified IPSs lacked ubiquitin modification, as judged by their mobility as well as the absence of any peptides corresponding to ubiquitin throughout the LC-MS/MS analysis. Figure 1b is a summary of the identified proteins, along with their known functional engagements. The identified IPSs function in a variety of cellular processes, ranging from signal transduction to cellular organization. It is of interest that a signi-ficant proportion of IPSs are involved in regulation of protein synthesis and degradation, suggesting that the IPDP may largely control protein turnover by modulating these fundamental processes.
The 20S proteasome cleaves IPSs at different rates with generation of distinct cleavage products
To address the mechanism of IPS processing by 20S proteasomes, we first followed the course of cleavage for all 30 IPSs, 14 of which were highly purified. IPS cleavage was monitored by SDS-PAGE stained with Coomassie brilliant blue R and immunoblot analysis, using antibodies specific to 17 proteins. In vitro analysis revealed that 20S proteasomes cleave 22 out of the 30 IPSs into discrete proteolytic products ( Fig. 2 ; Supplementary Data Table 1 ). Cleavage of certain IPSs generated large products that were stable upon further incubation with 20S proteasomes (e.g., eIF5B, Fig. 2d ), whereas processing of other proteins included generation of intermediate products that were further cleaved into smaller species (e.g., ABP-1, Fig. 2c ). Differences in the cleavage rate of individual IPSs were apparent upon examination of fractions containing several IPSs (e.g., 20S proteasomes cleave heteronuclear ribonucleoprotein (hnRNP) F faster than HR23A protein, Fig. 2a ). When similar amounts of highly purified IPSs were examined, a tenfold range in the cleavage rate was observed ( Fig. 2b-d ; compare cleavage rate of HR23A (the slowest) with that of ABP-1 and eIF5B). Thus, IPSs have distinct intrinsic half-reaction times when exposed to 20S proteasomes, likely due to differences in structural organization.
20S proteasomes cleave IPSs at disordered regions sparing structured domains
Cleavage of IPSs by 20S proteasomes generated distinct proteolytic products, suggesting that specific sites or protein regions were recognized. To determine whether cleavage sites are related to protein domain organization, we used HR23A and p47 proteins as models because their structural organization is characterized in molecular detail. HR23A contains four structured domains, connected by flexible linker regions (Fig. 3a) . 19 Silver staining and immunoblot analysis of the time course of cleavage of native HR23A protein by 20S proteasomes revealed products of 10-38 kDa, with larger products progressively processed into smaller species over the incubation course, suggesting that HR23A is cleaved at several sites ( Fig. 3b and c) . Recombinant GST- HR23A and His6-HR23A-GST were cleaved at a rate similar to that of native HR23A, with cleavage products readily observed by SDS-PAGE stained with Coomassie brilliant blue R and by immunoblot analysis, using antibodies specific to terminal tags ( Fig. 3d-h ). On the basis of the mobility of "tagged" cleavage products and the time course of their generation, the primary sites of cleavage were mapped to the three flexible linker regions of HR23A (Fig. 3a) . Thus, the 20S proteasome cleaves HR23A in disordered regions, resulting in the generation of products that contain a variable number of structured domains. This mode of cleavage appears to be a general property of the catalytic core. Using a similar approach, we have shown that the native 20S proteasome cleaves p47 protein, which contains three structured domains that are connected by two extended flexible regions, 20 at two disordered regions, generating products that encompass structured domains (Supplementary Data Fig. 3 ). Additionally, mass spectrometry analysis of GAPVD1 cleavage products revealed cleavage events at internal sites that preserved both the N-and C-terminal structured domains (Supplementary Data Fig. 4 ). It is of interest that the cleavage sites were mapped to internal regions for all three proteins, suggesting that the endoproteolytic proteolysis is a widespread mechanism.
Evolutionarily distant 20S proteasomes specifically cleave cellular IPSs
In order to determine whether the mechanism of selective protein cleavage by 20S proteasomes is evolutionarily conserved in eukaryotes, we fractionated yeast lysates and then examined them for the presence of IPSs, using the approach described for RRL. Similar to the results obtained in the mammalian cell system, the yeast 20S proteasome also specifically cleaved a significant proportion of yeast proteins (data not shown). We then tested yeast 20S proteasomes for specific selection and cleavage of mammalian IPSs. Remarkably, all of the mammalian IPSs contained in individual fractions were cleaved specifically by yeast 20S proteasomes, whereas other cellular proteins that were not processed by mammalian catalytic cores remained intact (Fig. 4 , upper panels). Further, yeast 20S proteasomes cleaved mammalian IPSs with generation of cleavage products similar to those produced by mammalian catalytic cores, suggesting cleavage at similar sites (Fig. 4 , bottom panels). Moreover, IPSs with no known homologues in yeast, such as STAT5, were recognized by yeast 20S proteasomes and cleaved at appropriate sites (Fig. 4b) . The reciprocal experiments, in which partly purified fractions containing yeast proteins were incubated with yeast or mammalian catalytic cores, revealed yeast IPSs that were cleaved specifically by either of the 20S proteasome species (Supplementary Data Fig. 5 ). Collectively, these results demonstrate that the mechanism of IPS selection and cleavage by 20S proteasomes are conserved throughout the eukaryotic kingdom and suggest that the IPDP is an evolutionarily ancient and universal proteolytic pathway.
26S proteasomes cleave cellular IPSs specifically
To investigate how the docking of a regulatory complex(es) onto the catalytic core would affect IPS Next, we examined whether 26S proteasomes specifically recognize and cleave IPSs within a mixture of native cellular proteins, similar to 20S proteasomes. Sixteen fractions, containing partly purified IPSs, were incubated with 26S proteasomes or 20S proteasomes, and the integrity of protein species was visualized by SDS-PAGE and staining with Coomassie brilliant blue R. As subunits of the 26S proteasome mask many cellular proteins, only species with mobility distinct from that of proteasomal subunits were surveyed. This analysis revealed that all discernable IPSs contained in individual fractions were cleaved by 26S proteasomes, whereas cellular proteins that were not processed by 20S proteasomes remained intact upon incubation with 26S proteasomes (Fig. 5a and b, upper panels; Supplementary Data Fig. 7a) . Further, immunoblot analysis of time courses of cleavage of 12 native IPSs, along with recombinant HR23A and p47 proteins, revealed that 26S proteasomes cleave IPSs with generation of cleavage products similar to those produced by free catalytic cores, suggesting cleavage at the same, presumably disordered regions (Fig. 5 , bottom panels; Supplementary Data Figs. 7a and 9b, and Table 1 ). Cleavage products of some IPSs were more labile upon further incubation with 26S proteasomes (e.g., STAT5 cleavage products, Fig. 5a ), consistent with a model in which the rest of the protein is unfolded and digested sequentially, following the initial cleavage at a disordered region. 21 Cleavage products of other IPSs were equally stable following incubation with either 20S or 26S proteasomes (e.g., eRF3, Fig. 5b ; SPT5, see Supplementary Data Fig. 7a ). Likely, these cleavage products consist of tightly folded structures that hinder processive proteasomal degradation, which has been shown for certain protein domains. 22 The 26S proteasomes cleaved a number of IPSs at a rate two-to threefold faster than free catalytic cores (e.g., STAT5, Fig. 5a ), while the cleavage rate of other IPSs was similar or somewhat slower than that by 20S proteasomes (e.g., eRF3 and KPC1, Fig.  5b) . Note, the presence of the 19S cap significantly stimulated the cleavage of HR23A (Fig. 5c) , likely due to specific binding of the protein to the 26S proteasome. 23 Finally, cleavage of several IPSs was studied using a fraction of 26S proteasomes that contained singly and doubly capped species at a ratio of ∼ 2:5, respectively (Supplementary Data Fig. 8a ). No appreciable difference in IPS processing was observed between the two pools of 26S proteasomes, enriched in singly or doubly capped species (Supplementary Data Figs. 7b, 8b, and 9).
Proteasomes contribute to physiological regulation of IPS levels in living cells largely independent of ubiquitination
Proteasomes were implicated in degradation of only two out of the 30 IPSs identified: HR23A is degraded specifically during the S phase of the cell cycle, 24 and the phosphorylated form of STAT5A is specifically degraded in the nucleus; 25 
We found that the abundance of different IPSs changed unequally during seven day growth of LoVo cells (Fig. 6a) . For example, little change in the level of HR23A was detected. Levels of p47, SPT5, and UBE4B did not change upon the transition from the proliferative (day 1) to resting (day 3) state, but were reduced differentially thereafter. In contrast, a rapid decline in the amounts of IPSs involved in protein biosynthesis (eRF3, eIF3a, and eIF4G) was observed between day 1 and day 3 (during the transition of cells from the proliferative to the resting state) and low levels of these factors were maintained after entering quiescence. This dramatic reduction was likely due to the cleavage of translation factors by proteasomes, as an accumulation of eIF3a cleavage products was observed concomitant with a decrease in the intact factor.
To demonstrate that proteasomes were responsible for the decline in IPS levels during cell growth, one or three day old LoVo cells were incubated in the presence or in the absence of the proteasome inhibitor MG132, caspase inhibitor z-VAD-FMK, or their combination. Cellular lysates were harvested before and after 48 h of treatment and then subjected to immunoblot analysis (Fig. 6b) . A modest accumulation of HR23A was observed when either one or three day old cells were treated with MG132, indicating that proteasomes degrade the protein continuously at a rather slow rate. A minor accumulation of SPT5 and UBE4B was observed when one day old cells were treated with MG132, suggesting that these IPSs were not targeted for proteasomal destruction during cellular transition from dividing to resting state. The reduction of SPT5 and UBE4B levels between day 3 and day 5 was prevented by treatment with MG132, implicating proteasomes in their accelerated decay in quiescent cells. High levels of eRF3, eIF3a, and eIF4G were restored by proteasome inhibition, beginning on day 1 of culture. Thus, it appears that proteasomes are responsible for the rapid cleavage of these IPSs during the transition of cells from the proliferative to the resting state. Further, treatment of three day old cells with MG132 resulted in the accumulation of intact translation factors to levels comparable to those characteristic of one day old cells, suggesting that IPSs involved in translational control are synthesized continuously, even after entering quiescence, but then cleaved rapidly by proteasomes. Note, the accumulation of IPSs following the inhibition of proteasomes is reversible. Thus, the surplus of eIF3a and eIF4G was decreased rapidly following the removal of MG132, with low protein levels (characteristic of quiescent cells) observed at 24 h after the relief from the proteasome inhibition (Supplementary Data Fig. 10) . Similarly, proteasomes degraded the surplus of UBE4B, albeit at a slower rate, adjusting the protein quantity to low levels at 36 h after the removal of MG132. These results demonstrate that proteasomes regulate physiological levels of different IPSs via degradation.
To alleviate any concerns that treatment of cells with MG132 could also inhibit the activity of other resident cellular proteases, three day old LoVo cells were treated with four additional proteasome inhibitors that differ in their potency and specificity of inactivation of the three distinct proteolytic centers of the proteasome. Immunoblot analysis of these cellular lysates revealed that the cleavage of all IPSs tested was prevented by MG132, and two highly specific proteasome inhibitors, epoxomicin and Ada-(Ahx) 3 -(Leu) 3 -vinyl sulphone (AALVS) (Fig. 7) . This result validates the involvement of proteasomes in the regulation of IPS levels in the cell, and suggests little contribution from other cellular proteases. Two other proteasome inhibitors, YU102 and lactacystin, were effective in the protection of only certain IPSs (e.g., SPT5, HR23A, and eEF1Bβ). These variations in the efficacy of protection are likely attributable to differences between IPSs in the composition of scissile peptide bonds that are cleaved preferentially by one of the three distinct catalytic sites of the proteasome, and differences in the specific inactivation of these proteolytic centers between the inhibitors.
Finally, we evaluated the importance of protein ubiquitination in IPS degradation. The mouse ts85 cell line contains a temperature-sensitive, ubiquitinactivating enzyme E1 (UBE1) and, as a consequence, protein degradation via the ubiquitin-dependent pathway is reduced drastically at the restrictive temperature. 26, 27 UBE1 was degraded rapidly at the restrictive temperature (Fig. 8a and b, top rows) , as expected. The disruption of ubiquitination resulted in a dramatic accumulation of tumor suppressor p53 and cyclin D1, whose levels are controlled by the UPS (Fig. 8a) , consistent with previous reports. 28, 29 A moderate increase of HR23A was observed, indicating that the ubiquitin-dependent proteolytic pathway also contributes to regulation of its levels. However, accumulation of other IPSs was not detected after blocking protein ubiquitination (Fig.  8a) . Moreover, levels of translation factors eRF3, eIF3a, and eIF4G decreased after growth at the restrictive temperature. Additionally, a faster migrating species of eRF3 accumulated (Fig. 8, asterisk) , likely corresponding to proteasomal cleavage products. Treatment of cells with MG132 prevented the reduction in levels of translation factors as well as the appearance of eRF3 cleavage products (Fig. 8b) . Collectively, these results suggest that many cellular IPSs can be degraded by proteasomes independent of ubiquitination.
Discussion
The UPS is essential for proper cellular function and is considered the major mechanism of proteasomal degradation of cellular proteins. The system relies upon ATP-dependent enzymatic steps and multiple enzymes that ensure timely ubiquitination of specific protein substrates via diverse regulatory mechanisms. Accumulating data show that certain cellular proteins are degraded by proteasomes either completely independent of ubiquitin or by both pathways. 8, 9, 15, 30, 31 Our findings highlight the importance of the ubiquitin-independent mechanism of protein degradation by proteasomes, as it may regulate the stability and function of more than 20% of cellular proteins. Unlike the UPS, the IPDP does not require a complex system of substratemodifying enzymes, and can be executed by both the 26S and the 20S proteasomes. "Free" 20S particles are highly abundant proteasome species in mammalian cells 32, 33 and in contrast to 26S proteasomes, which are heavily engaged in degradation of ubiquitylated proteins, these species can function solely in the IPDP and contribute markedly to regulation of IPSs.
One critical question is what structural motifs afford targeting of a cellular protein to proteasomes. IPSs are cleaved specifically by evolutionarily distant 20S proteasomes as well as by 26S proteasomes, whereas many other cellular proteins are not, suggesting the existence of a universal structural signature shared by all IPSs. Inspection of structured domains and amino acid sequences revealed only one rather broad structural feature shared by ∼ 70% of IPSs, α-helix-rich regions (data not shown). However, the actual folds of such regions are not shared by any considerable number of protein substrates. This study and earlier reports 10, 11, 16 suggest that 20S proteasomes cleave IPSs at disordered regions, outside structured domains. The presence of an accessible disordered region that can thread through the substrate channel and reach the internal proteolytic centers is apparently a prerequisite for IPS cleavage by the catalytic core, since the 20S proteasome cannot unfold protein substrates. Such regions likely constitute a critical structural determinant for IPS cleavage by the 26S proteasome as well. This view is consistent with recent reports that nonubiquitylated, tightly folded proteins are refractory to proteasomal proteolysis even in the presence of ATP, 34 and extended disordered regions greatly facilitate protein degradation by 26S proteasomes. 21, 35 Conceivably, all cellular IPSs contain susceptible disordered regions, while proteins that are resistant to the IPDP lack such regions.
IPSs were cleaved by 20S proteasomes in the closed gate conformation, suggesting that certain interactions between the catalytic core and an IPS promote opening of the gate and translocation of specific disordered amino acid sequences into the internal catalytic chamber. Several studies have demonstrated that the 20S proteasome effectively degrades oxidized proteins in vitro and appears to have a major role in degradation of these damaged proteins in cell cultures. 7, 9, 36 Davies and colleagues proposed that partial unfolding and exposure of internal hydrophobic patches of amino acids are key to selective recognition and degradation of oxidized proteins by the 20S proteasome. 7, 37 In this model, the hydrophobic patches bind to the α-subunits of the 20S proteasome, thereby opening the substrate channel. It is quite likely that cellular IPSs, in their native conformation, contain specific surface hydrophobic patches that confer both binding to the catalytic core and gate opening. Consistent with this notion is our observation that the addition of hydrophobic peptides impeded IPS cleavage, probably due to the competition for binding sites on the surface of the 20S proteasome (unpublished data). Conceivably, the actual composition of surface hydrophobic patch(es) and extended disordered region(s) could largely determine the efficiency of IPS recognition and processing by 20S proteasomes. Indeed, we observed significant variations in the cleavage rate of different IPSs, suggesting that proteins might have evolved structurally to control their degradation by catalytic cores. Further, docking of the 19S cap exerts differential effects on IPS cleavage. Some IPSs were cleaved two-to threefold faster by the 26S proteasome, likely due to the open gate conformation of this species and accelerated translocation of a disordered region into the catalytic chamber. Other IPSs were processed by 20S and 26S proteasomes at similar rates, suggesting that certain interactions between a protein substrate and the endplate of the catalytic core augment specific binding to the 20S particle, thereby compensating for the impeded entrance of disordered region to the catalytic sites. The cleavage rate of HR23A was stimulated dramatically by docking the 19S cap, likely due to specific tethering of the protein to the 26S proteasome, mediated by interactions between UBL domain of HR23A and Rpn10 subunit of the 19S cap. 23 Similarly, eIF3a subunit of eIF3 was cleaved by 26S proteasomes significantly faster than by catalytic cores (data not shown), likely because of additional interactions between the 19S cap and other subunits of eIF3. 38, 39 The UPS typically degrades protein substrates processively, whereas the IPDP generates products encompassing structured domains. An important question is whether IPS cleavage leads to the production of new protein species with functional properties distinct from those of the intact protein.
Recent reports demonstrated that 20S proteasome cleaves translation initiation factors eIF3 and eIF4F to produce species with distinct functional capabilities 11 and processes NF-κB1 precursor p105 into a functional p50 product. 13 Limited proteolysis of certain ubiquitylated proteins by the 26S proteasome, yielding biologically active fragments, was also reported. 22, 40 While the functional consequences of IPS cleavage were not examined in this study, some implications of their cleavage could be proposed based upon the analysis of cleavage products and reports published by other investigators.
For example, proteasomes cleave STAT5 proteins to produce a 75 kDa long species that lacks the carboxy-terminal transactivation domain, as evidenced by immunoblot analysis using antibodies specific to different regions of the proteins (Figs. 4b  and 5a) . Naturally occurring C-terminally truncated forms of STAT5A and STAT5B have been observed in different cell types, where they are generated by the action of cellular proteases whose identity is not known. 41 These truncated STAT5 proteins are activated in response to cytokine signaling by tyrosine phosphorylation, bind DNA, and prevent transcription activation of STAT5-targeted genes, thereby exerting a dominant negative activity. Proteolytic processing of STAT5 is critical for developmental regulation of myeloid cells and its disturbance has been implicated in a number of human disorders. Future investigations should address how the IPDP contributes to the regulation of STAT5 biology. Collectively, these observations suggest that the IPDP can regulate cellular processes not only via destruction of IPSs but perhaps also by the generation of specific proteolytic species with distinct functions.
The IPDP appears to contribute to differential reguation of IPS levels during cell growth, highlighting one important aspect of this pathway in cellular physiology. We observed a dramatic decrease in levels of critical translation factors during cellular transition from dividing state to quiescence, suggesting that their cleavage by proteasomes can contribute to a well-known phenomenon of translational attenuation in resting/quiescent cells. 42 A broader question is how the IPDP regulates levels of different IPSs at distinct stages of cell life. One potential mechanism may involve regulation via association of the catalytic core with different regulatory complexes. In support of this idea, in vitro studies showed that the 20S proteasome is more active in degradation of the cell cycle regulator p21 cip1 than the 26S proteasome, containing 19S caps. 43 On the other hand, association of the catalytic core with the REGγ complex significantly stimulated p21 degradation in vitro and in cell cultures, due to specific interactions between the REGγ lid and the target protein. 43, 44 This study also shows differences in the activity of 20S and 26S proteasomes in cleavage of specific IPSs. In addition, certain cellular proteins can assist the targeting of a specific substrate to catalytic cores. For example, MDM2 was shown to facilitate the delivery of Rb protein to the 20S proteasome, thereby stimulating the ubiquitin-independent degradation of Rb in vitro and in cell cultures.
14 Further, association of IPSs with specific proteins may hamper their recognition by the IPDP. Mathes and colleagues demonstrated that free IκBα is degraded rapidly by proteasomes independent of ubiquitination and NF-κB binding precludes this degradation pathway. 45 In contrast to free protein, NF-κB-bound IκBα is degraded via the UPS, highlighting distinct roles of the IPDP and the UPS in regulation of protein homeostasis. Finally, the intracellular colocalization of proteasome species with particular IPSs likely contributes to the differential cleavage of cellular IPSs. The abundance, composition, and intracellular localization of proteasomes (as well as specific regulatory complexes and protein adaptors) vary markedly throughout cell cycle progression, differentiation, development, ageing, environmental cues and pathology. 46, 47 Further expansion of this field will afford a better understanding of the role of the IPDP in the physiology of cells and organisms.
Materials and Methods

Plasmids
Plasmids pQE-30-p47, 48 pGex-4T-2-hHR23A, 24 and pET28-eIF4GI(697-1076) 49 have been described. The entire ORF of hHR32A was PCR-amplified from pcDNA3-V5-hHR23A 50 with addition of a coding sequence for His 6 tag to the N terminus, digested with BspHI and NotI, and ligated into the NcoI/NotI-digested pET28-GST vector to generate pET28-His6-HR23A-GST vector. pET28-GST was constructed by PCR amplification of the GST ORF from pGEX-2TK (GE Healthcare), using primers containing HindIII-NotI and XhoI restriction sites, digested with HindIII and XhoI, and ligated into HindIII/XhoI-digested pET28a (Novagen). The eIF3a coding region, spanning amino acids 495-891, was PCR amplified from pUC19-eIF3a, 51 digested with NdeI and NotI, and ligated into NdeI/NotI-digested pET28a to generate pET28-His6-eIF3a(495-891) vector.
Protein purification
1 L rabbit reticulocyte lysate (RRL) (Green Hectares) was fractionated into ribosomal salt wash (RSW) and postribosomal fractions (PRF) as described.
11 MG132 (5 μM) and Protease Inhibitor Cocktail "Complete", at the concentration recommended by the manufacturer (Roche), were added to RRLs immediately after thawing the lysates and during suspension of the polysomes. All chromatography purification steps were carried out at 4°C with buffer A (20 mM Tris-HCl (pH 7.5), 1 mM DTT, 0.1 mM EDTA, 10% (v/v) glycerol, and KCl at the stated concentration (i.e., A0 contains no salt, A100 contains 100 mM KCl, etc.). RSW and PRF were fractionated by ammonium sulfate cuts, dialyzed against buffer A100, and further fractionated by consecutive step-elution from a DEAE cellulose column (DE52; Whatman) and a phosphocellulose column (P11; Whatman). Elution fractions were dialyzed against buffer A100, applied to an FPLC MonoQ HR 5/5 column (GE Healthcare), and 1 ml fractions were collected across a 30 ml 100 mM-500 mM KCl gradient, using of an AKTA FPLC system (GE Healthcare). Individual or combinations of two adjacent monoQ elution fractions were concentrated to 200 μl using Vivaspin 10,000 MWCO HY (VivaScience), applied to an FPLC gel-filtration column (GE Healthcare) equilibrated with buffer A200, and 0.5 ml fractions were collected following elution with buffer A200. Additional purification steps included KCl gradient elution from 1 ml HiTRAP Blue and Phenyl FF columns (GE Healthcare) as indicated (see Supplementary Data Table 1 ). The final purification step included a second separation on a MonoQ column and ∼ 300 μl peak fractions were collected, divided into aliquots, frozen and stored at -80°C.
Recombinant GST-HR23A, His6-HR23A-GST, His6-p47, eIF4GI(697-1076), and His6-eIF3a(495-891) were expressed in Eschericia coli BL21(DE3) (Novagen) and purified by chromatography using GST-Bind Resin (Novagen) and/or Ni-NTA agarose (Qiagen) according to the manufacturer's protocols. HR23A and p47 proteins were then applied to the FPLC MonoQ HR 5/5 column and fractions collected across a 100 mM-500 mM KCl gradient. p47 protein was concentrated and applied to a Superdex 200 10/30 GL column (GE Healthcare); the peak was collected between 15 ml and 15.5 ml.
Proteasome purification
Rabbit 20S proteasomes were purified from RRL PRF as described. 11 The yeast 20S proteasomes were purified from 10 l of Saccharomyces cerevisiae, strain BJ2168 (a gift from D. Bishop, University of Chicago), grown on YPD to the stationary phase. After centrifugation, the cell pellet was suspended in a fourfold volume of buffer Y (20 mM Tris-HCl (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 2 mM DTT). Cells were lysed with a French press and the extract clarified as described. 52 The extracts were fractionated into the RSW and PRF, and 20S proteasomes were purified from PRF with the protocol used for purification of rabbit catalytic cores. The 20S proteasomes were concentrated using Vivaspin 30,000 MWCO HY (VivaScience), divided into aliquots, frozen and stored at -80°C.
The 26S proteasomes were purified from 600 ml RRL PRF. All purification steps were done at 4°C with buffer E (20 mM Tris-HCl (pH 7.5), 2 mM MgCl 2 , 1 mM DTT, 10% glycerol, 1 mM ATP, and KCl at the stated concentration). PRF were spun for 4.5 h at 200,000g. The resulting proteasome-containing pellets were dissolved in buffer E100 and loaded onto a DEAE-cellulose column. After washing with buffer E100, proteasomes were eluted with buffer E250, diluted with buffer E0 to contain 100 mM KCl, and loaded onto a P11 phosphocellulose column. The flowthrough fraction was then applied to a FPLC MonoQ HR 5/5 column and 1 ml fractions were collected across a 30 ml 100 mM-500 mM KCl gradient. Proteasomecontaining fractions (eluted between 330 mM and 400 mM KCl) were concentrated to 300 μl using Vivaspin 30,000 MWCO HY (VivaScience), applied to an FPLC Superose 6 10/600 GL gel-filtration column (GE Healthcare) equilibrated with buffer E150, and 0.7 ml fractions were collected following elution with the same buffer. The 26S proteasome-containing elution fractions 26 and 29 (enriched in doubly capped and singly capped species, respectively) were divided into aliquots, frozen and stored at -80°C.
The integrity of purified proteasomes was verified by electron microscopy visualization of uranyl acetatestained particles put onto freshly glow-discharged and carbon-coated copper grids as described. 11 
Proteolytic assays
To measure peptidase activity, 5 μM Suc-LLVY-amc or 50 μM Ac-nLPnLD-amc (Biomol International) were incubated with 10 nM 20S proteasomes for 1 h at 37°C in buffer C (20 mM Tris-HCl (pH 7.5), 2 mM DTT) supplemented or not with 40 μM suc-FLF-mna or 0.02% (w/v) SDS. Similar conditions were used to measure the peptidase activity of 26S proteasomes except the reactions were assembled in buffer D (20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 0.04 mM ATP) supplemented or not with 1 mM ATP. The reactions were stopped by the addition of 1% SDS and fluorescence of released AMC was measured (excitation, 380 nm; emission, 460 nm).
To study IPS processing, reactions were assembled in buffer B (20 mM Tris-HCl (pH 7.5), 100 mM KCl, 2 mM MgCl 2 , 0.25 mM spermidine, 2 mM DTT) with the indicated amounts of proteasomes and incubated at 37°C. Buffer B was supplemented with 3-4% glycerol to maintain the native state of proteasomes. The 26S proteasomecontaining reactions included 1 mM ATP; 20-40 μl aliquots were transferred from the reactions to Laemmli sample buffer at the indicated time points and immediately boiled for 5 min. The proteins were resolved by SDS-PAGE and stained with Phastgel Coomassie brilliant Blue R350 or silver (GE Healthcare) or, when indicated, transferred to PVDF membranes for immunoblot analysis. For detection of IPSs, 6 μl aliquots from gel-filtration elution fractions were incubated with or without 200 nM 20S proteasome for 3 h in 20 μl reactions. The analyzed fractions did not contain any endogenous proteolytic activity, as their incubation alone had no effect on the integrity of any protein species. Pre-incubation of 20S proteasomes with 25 μM MG132 for 5 min at 37°C prevented IPS cleavage, further verifying the specificity of cleavage reactions.
Protein sequencing
Purified IPSs were subjected to SDS-PAGE in 200 mm long 9% (w/v) polyacrylamide gel and stained with 0.5% Coomassie brilliant blue G-250. The bands were cut from the gel matrices and sequenced by LC-MS/MS at the Proteomics Core Laboratory of the University of Chicago.
Cell culture and treatments
Human colorectal adenocarcinoma cell line LoVo was obtained from American Type Culture Collection and maintained as recommended. Human liver carcinoma cell line Huh-7 was maintained as described. 11 For all experiments, cells were seeded in 25 cm 2 Falcon-tissue culture flasks at amounts that form 60-70% confluent monolayers the next day (day 1) and 100% confluent monolayers by day 3. The growth medium was replaced with fresh medium containing 5% FBS at day 1 and every third day, in order to avoid serum or amino acid starvation. At the beginning of treatment, the replacement medium was supplemented with 0.05% (v/v) DMSO (control cells) or the following proteasome inhibitors (Biomol International): MG132, epoxomicin, Ada-(Ahx) 3 -(Leu) 3 -vinyl sulphone, lactacystin, and YU102. In addition, cells were treated with 50 μM z-VAD-FMK (Sigma). The cell monolayers were harvested at the indicated time points and boiled in total lysis buffer (50 mM Tris-HCl (pH 6.8), 1% SDS, 350 μM β-mercaptoethanol, 10% glycerol, 0.1% (w/v) bromophenol blue).
The ts85 mouse mammary carcinoma cell line, kindly provided by D. Finley (Harvard Medical School), was maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Gibco) at the permissive temperature (32°C) in 25 cm 2 Falcon tissueculture flasks. Cell cultures were harvested before and after incubation at the restrictive temperature (39°C) in total lysis buffer in the absence or in the presence of MG132.
Immunoblot analysis and antibodies
Proteins were transferred onto Immobilin-P SQ (Millipore) in 10 mM Caps, 10% (v/v) methanol (pH 11.0) and detected according to standard procedures, using antibodies specific for the proteins of interest. Polyclonal chicken antibodies specific to eIF4G, eIF3a, and p47 were generated by Alpha Diagnostic International (Texas) following the immunization of chickens with recombinant proteins His6-p47, His6-eIF3a(495-891), and eIF4GI(697-1076), and purification of IgG antibodies by protein-coupled affinity chromatography. Anti-HR23A was kindly provided by P. M. Howley (Harvard Medical School); anti-hnRNP F by C. Milcarek (University of Pittsburgh). The following commercial antibodies were used: anti-HIP55/ABP-1 (ab2836-100, Abcam), anti-HRI (sc-30143, Santa Cruz), anti-APC8 (sc-20988, Santa Cruz), anti-APC6/Cdc16 (sc-6393, Santa Cruz), anti-eRF3 (ab23889, Abcam), anti-GBF1 (612116, BD Transduction Laboratories), anti-eEF1Bβ/eEF1δ (ab13962-100, Abcam), anti-UBE4B (611966, BD Transduction Laboratories), anti-STAT5A/5B against central region (9310, Cell Signaling), anti-STAT5A/5B against the N-terminus (sc-836, Santa Cruz), anti-STAT5B against the C-terminus (sc-1656, Santa Cruz), anti-LR1/RPSA (ab711, Abcam), anti-SPT5 (sc-28678, Santa Cruz), anti-MyH9/IIA (M8064, Sigma), anti-KPC1/RNF123 (H00063891-M01, ABNOVA (Taiwan) Corporation), anti-His6 (27-4710-01, GE Healthcare), anti-GST (27-4577-01, GE Healthcare), anti-UBE1 (sc-53555, Santa Cruz), anti-p53 (sc-6243, Santa Cruz), anticyclin D1 (sc-753, Santa Cruz), anti-GAPDH (sc-25778, Santa Cruz), anti-ribosomal P0 (R2031-25, US Biological).
